ABSTRACT. Five instruments were tested for reliability in measuring tree heights under realistic conditions. Four linear models were used to determine if tree height can be measured unbiasedly over all tree sizes and if any of the instruments were more efficient in estimating tree height. The laser height finder was the only 
When measuring the height of a tree, where the base and top are well defined and clearly visible, the existing instruments for measuring the height of standing trees are adequate for most applications (Hunt 1958 , Warren 1959 , Rennie 1979 . However, the variance and bias of the height estimates could be large for tall trees in dense stands or for trees which do not have well-defined tops. An opportunity to evaluate some of the currently available height measurement instruments (including a laser-driven instrument) presented itself in the summer of 1991. Tree climbers, who were employed to collect foliage samples for chemical analysis, measured the true height of standing trees. Readings from a number of different height measuring instruments were compared to the values obtained by the tree climbers. These data were used to determine if any one instrument was superior to the other instruments under real world conditions. Palustris Mill.). Seventeen additional species including a variety of oaks also appear in the data set.
Data Description and Collection Methods
All data collected are from Forest Health Monitoring plots in Georgia. True heights for all trees were taken while crews collected foliage samples from the tree crowns. One crew member climbed as high as possible up each tree. From that point poles were used to measure the remaining distance to the top of the tree. To determine when the pole was at the top of the tree, sightings were taken from the ground by two observers and by the crew member in the tree. When all crew members were in agreement, the total height from the ground to the top of the pole was calculated. While some measurement error exists in this method, no alternative method could be implemented which met time and cost constraints and stall represented realistic measurement situations, such as varying terrain, canopy, tree height distributions, and species mix Readings from a laser height finder (Jasumback 1991), Suunto clinometer (Husch et al. 1982), Speigel relaskop, Enbeeco clinometer 1, Speigel tele-relaskop (Bitterlich 1978, Husch et al. 1982) were recorded from the same location. All measurements were taken by an experienced field crew member. A tripod was used to steady each instrument. Ttus required adapting a tripod mount for the Suunto clinometer, which 1s designed to be hand held. All other instruments had thumb screw systems to accommodate tripods. The laser height finder was a preproduction model and was not available until late in the field season. Sample sizes with this instrument were smaller than the other four instruments due to the limited amount of time it was available for testing.
The instruments were set up at a distance from the tree so that a 45 ø measurement angle was never exceeded. The measurements were taken from the uphill side of each tree provided an open line of sight to the top of the tree could be found. For two trees in the data set, measurements could not be taken from an uphill position.
A combination of scales was used so that no two instruments successively utilized the same scale. The Suunto clinometer and the enbeeco used the percent scale, the relaskop used the topographic scale, and the tele-relaskop and the laser height finder used the degree scales. 2 This provided a quasi "blind" aspect to the study, intended to interrupt the tendency to "drive" the current readings to be the same as those obtained with the previous instrument. Distances from the observer to the tree in the data set were given as slope distances. Level distances were computed for the analysis.
Evaluation Techniques
Four linear models were fit to the data to test the bias and efficiency of the height measurements and to determine if there is an upper limit to the reliability of the instruments. Ideally, the correlation between true height and measured height would be 1, thus the first model was specified as A comparison of model errors was performed by computing the average absolute error between the model (1) estimates and the true heights by 10 ft height classes. These values were computed using the formula
where nh is the number of trees in a given height class. Average errors in each height class provided a good indicator of how accurately tree growth can be measured for a given height with each of the instruments. Tables 1-4 give results for fitting the four models to the data set with all species and the data set with only softwood trees. The accuracy test results by height class are given in Tables 5 and 6 . The average absolute errors by height class are given in Tables 7 and 8. species data set and the softwoods-only data set. Using R 2 values as an indication of fit, the tele-relaskop produced the worst fit for all models and data sets considered. In that case the R 2 value was second largest.
Results and Discussion

The enbeeco was the only instrument which did not have confidence intervals containing
For the accuracy test the clinometer was the only instrument to show a significant bias using the data set which •ncluded all trees. The significant bias was in the 0-33 ft height class. In the 33-66 and >66 ft height classes the bias was nonsignificant for every instrument. When the hardwood trees were removed from the data set the clinometer still showed a significant bias in the 0-33 foot class. The Enbeeco also showed a significant bias in the >66 ft height class. There was only one tree less than 33 ft tall measured with the laser so no accuracy test could be performed in this height class.
The analysis of the absolute average error by diameter class is given in Tables 7 and 8 The graphical analysis also subjectively confirms that trees less than 40 ft are measured accurately. No substantial disagreements between measured and true height are seen in the data until after the 40 ft level. As height increases, the graphs indicate an increasing disagreement between true and measured height.
Conclusions
Results using the four linear models and average error tests were similar for the clinometer, relaskop, and Enbeeco
